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Characterization of amorphous semiconducting silicon-boron alloys
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Amorphous semiconducting films of the Si-8 binary system have been prepared by rf plasma decomposition
of silane-diborane gas mixtures. The infrared vibrational modes, optical absorption, conductivity, spin
resonance, and hydrogen content of these films have been studied as a function of preparation conditions.
These alloy films differ substantially from chalcogenide glasses on the one hand and from group-IV
amorphous semiconductors on the other. They contain between 10- and 45-at. % hydrogen and between 10"
and 10" cm ' unpaired spins. The spin-resonance linewidth is inhomogeneously broadened because of a large
spectrum of bond distances and bond strengths. This spectrum yields a few very broad infrared absorption
bands and, in the boron-rich films, an unusually broad and slowly varying absorption edge. This large
spectrum of bond strengths results from the electron-deficient nature of boron which can associate with the
environment in two-center and three-center bonds involving hydrogen, silicon, and other boron atoms. The
slope of the conductivity curves decreases slowly without distinct exponential regions and without showing
Mott's law of variable-range hopping near 77 K. Except for the two end compositions of the binary system,
the Fermi level is close to the valence band, presumably because tetrahedrally coordinated boron atoms act
as acceptors and produce a self-doping effect.

I. INTRODUCTION

The preparation of amorphous Si by means of
plasma decomposition of silane has attracted
great interest lately because this method pro-
duced the first amorphous semiconductor which
had a sufficiently low density of intrinsic defects
so that controlled doping was possible. ' Several
papers reported the superior electronic proper-
ties of this material, ' amorphous p-z junc-
tions'7 were made, and quite efficient Schottky-
barrier solar cells"'~ were fabricated. At the
present time plasma deposited amorphous silicon
is one of the most thoroughly studied amorphous
semiconducto rs.

The plasma decomposition technique was used
to prepare amorphous C, ' Qe, ' SiC,"QaP, and
As. ' All these materials, except As, were quite
unlike evaporated or sputtered films of the same
materials. This is because hydrides are used
for the plasma decomposition which introduces
appreciable amounts of hydrogen' '"'"' '" into
these amorphous films.

This paper reports a detailed investigation of
silicon-boron alloys prepared by plasma de-
composition of gas mixtures containing silane,
SiH4, and diborane, B&H6. The infrared spectra
are studied to gain some information about the
structure and the mays hydrogen is incorporated.
The composition was determined by Auger, flame
spectroscopic analysis, and hydrogen effusion
studies. The optical absorption near the funda-
mental absorption edge was measured to deter-
mine the optical gap as a function of alloy comp-

osition. Measurements of the conductivity be-
tween 77 and 450 K as well as of the paramag-
netic resonance were carried out to further char-
acterize the material as a function of alloy comp-
osition and preparation conditions.

II. PREPARATION

The advantage of glom-discharge plasma de-
position is that chemical reactions can take
place at relatively lom ambient temperatures.
This is because the electrons have energies of
order' 10 eV and thus are able to break molecular
bonds. A variety of chemically active species
may be present in the plasma, and the deposition
of films on a substrate involves complex surface
reactions of electrons, neutrals, and ion species.
Film prope rties depend on surface conditions
like substrate temperature and potential, for
example, as well as on plasma conditions. The
latter is influenced by a number of parameters
such as power level, gas pressure, flow rate,
pumping speed, and the geometry of the reaction
chamber.

Tmo methods have been used to excite a radio-
frequency (rf) discharge. The rf power can he
coupled to the plasma either inductively or capa-
citively. The capacitive system, mhich mas
first used by Knights, ' shows better reproduci-
bility and can be enlarged more easily than the
inductive system, which mas originally used by
Chittick gt gl. After verifying that both systems
produce similar films, me adopted the diode sys-
tem. Figure 1 shows the layout of our reaction
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chamber. ' Since electrons have much higher
mobilities than ions do, and the two electrodes
have different areas (the diameters of the anode
and the cathode are 5.8 and 3.3 cm, respectively),
the ungrounded electrode self-biases to a nega-
tive potential in the rf glow-discharge plasma.
This dc bias is typically 100—200 V for a rf
power of 5-15 W. Film properties depend on
this substrate bias as well as the substr, ate
temperature T, . We therefore distinguish be-
tween films deposited onto a substrate on the
cathode t.", and the anode A, referring to the
grounded electrode as the anode. Films de-
posited on the anode at T,=25 and 270'C, and on
the cathode at T, =25 and 270'C will be denoted
by A(25), A(270), C(25), and C(270), respectively.
The present films are obtained by diluting the
desired SiH4-82H6 mixture with argon at a 1:60
ratio, by using a low pressure of 0.15 Torr, a
high flow rate of about 100 scc/min, a low
13.56-MHz power of 5—15 W, and a small separa-
tion of 1.2-2.4 cm between the capacitor plates.
The deposition rate is about 2-10 A/sec, with the
lower rate corresponding to high substrate temp-
eratures and/or large boron fractions. Typical
film thickness ranges from 0.3 to 30 p, m.

Various substrate materials were used for
different purposes: Corning 7059 glass for
transport, optical, and Auger measurements, '

aluminum foil for hydrogen-evolution experi-
ments after removal of Al substrate by etching
and chemical analysis; crystalline silicon
wafers, KRS-5 (Ref. 37) and sapphire substrates

FIG. 1. Schematic sketch of plasma reactor consisting
of 7.5-cm-diam stainless-steel cross. A = anode, C =
cathode, I = ceramic flange, H =heater, Q = insulating
quartz cylinder, Sc=grounded screen, 8 =grounded
shield.

for infrared transmission spectroscopy.
Since SiH4 is highly flammable in air and

B2H, is extremely toxic, it is important to have
a leak-tight system. Repeated evacuation and
argon flushing of the reaction system are neces-
sary before and after each deposition run. More-
over, the entire system was built under a hood
for extra protection. The exhaust gases are
first diluted with nitrogen, then thermally de-
composed in an oven held at 800'C, and finally
passed through water and led to the outside.

Despite the reproducibility achieved with the
control of the plasma conditions, one is not yet
certain which conditions yield films with the most
desirable properties. It is therefore not sur-
prising that plasma deposited samples from
different laboratories differ in their properties.
However, one clearly wishes to promote surface
reactions that lead to decomposition of hydrides
while suppressing the gas-phase nucleation,
which is likely to lead to polymerization and
yield low-density and hydrogen-rich polymeric
materials. Low pressure and small plate sep-
aration decrease the probability of collisions
among species in the gas phase, and increase
that of collisions of reactant species with sub-
strate surface, thereby reducing the gas-phase
nucleation and promoting surface reactions.
Argon dilution avoids collisions among reactive
species; low-power level and high flow rate
lower the average energy density in the plasma
and thereby suppress gas-phase reactions; high
substrate temperature also enhances the surface
reactions that lead to decomposition.

III. AUGER ANALYSIS

The relative efficiencies of depositing boron
and silicon from the plasma of a S&H4-82H6 gas
mixture determine the film composition. We
determined the relative B and Si contents in
our films by Auger spectroscopic analysis. s

Fi.gure 2 shows the Auger spectrum, representing
the first derivative, dn(Z)/dE, of the energy
distribution function of the Auger electrons plot-
ted against electron energy, of a film deposited
on the cathode at 270'C, C(270), with a boron
fraction in the gas phase, X, of 0.36, which is
defined as

I:Bl
I.B]+Isi]

G@y

2N(B2Hn)

2N(B2Hn) +N(SiH4) '

where N(B286) and N(SiH4) are the concentrations
of B,H6 and SiH4 in the gas mixture, respectively.

The Auger spectrum shows characteristic peaks
of Si near 92 and 1619 eV and of B near 1'79 eV.
The Ar peak near 215 eV arises mainly from the
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sputter etching used to remove the oxidized sur-
face layer or to obtain a depth profile.

Sometimes traces of O with peaks near 510 eV
and C with peaks near 272 eV are seen, espe-

0.2—
C (2?0)
Xg =0.36

O. 1—

FIG. 2. Auger spectrum of a cathode film prepared at
T, =270'C with boron fraction X~ =0.36 in the gas. The
spectrum was taken with an electron beam energy of
3 keV, and a beam current of 1 p A. The energies at
which Auger transitions occur for elements involved are
given.

cially near the top surface of films. The oxygen
depth profile shown in Fig. 3 reveals a sharp de-
crease with increasing distance from the surface.
After the first 50 A, the oxygen level drops to
less than 1 at. %. Generally, more oxygen and
carbon are found in A(25) samples with high boron
content. This will be discussed further in connec-
tion with the infrared studies below.

Because of the relatively low electrical con-
ductivity of the samples, localized charging can
occur on the specimen surface, which can cause
a shift in the Auger peak energies and a change
in the peak-to-peak amplitude of dn(E)/dE. Des-
pite the deposition of a gold overlayer to facilitate
discharging, noticeable charging can still occur
in some high-resistivity samples. One way of
detecting charging effects is to measure the ratio
of the peak-to-peak amplitudes of the Si transi-
tion at 92 eV to that at 1619 eV because charging
affects the Auger peaks more at low energies
than at high energies. This ratio should be 5.4
according to measurements on boron-doped
crystalline Si which had a high conductivity and
thus no charging problems. In our amorphous
films we found the ratio between 4 and 7. In
order to reduce errors resulting from charging
as much as possible, we selected the highest-
energy Auger peaks, 179 eV for boron and 1619
eV for silicon. The B(179) peak seems to be
less affected by surface charges than the Si(92)
peak. This is fortunate because there are no
higher-energy Auger transitions available for
boron.

Determination of film composition was made
by atomic absorption spectroscopic analysis on a
standard sample prepared with a boron fraction
X =0.24 in the gas. 3~ The boron fractions in the
film, X&, of all samples were then obtained by
comparing their B(179)/Si(1619) ratios with that of
the standard, where X& is defined as

(Bl'= [B]+[SI
Film

(2)

I I

50 100 150
0

Distance tram Surface (A)

FIG. 3. Oxygen depth profQe expressed as the ratio
of oxygen to silicon concentrations vs the distance from
the surface for a cathode film prepared at T~=270'C
with X~ =0.36. The ratio of oxygen to silicon concentra-
tion was obtained from the ratio of the peak-to-peak
height of the Auger transitions in oxygen at 510 eV to
that in silicon at 1619 eV normalized by the relative
sensitivity factors.

An independent quantitative estimate can be ob-
tained by normalizing the peak-to-peak heights
of the Auger transitions with the appropriate
relative elemental sensitivity factors. This
method yields X&

——0.17 for the standard sample
compared to the value 0.19 obtained from atomic
absorption spectroscopic analysis. Because of
the charging effect, the error of the Auger analy-
sis is about 2 at. %.

The depth profile indicates. that apart from the
surface layers, the film composition is uniform
throughout the film thickness. The boron frac-
tion in the film, X&, is plotted against that in the
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FIG. 4. Boron fraction in the film as a function of
that in the gas for films prepared at T~ =270 'C. The
relative incorporation efficiency p of boron as compared
to silicon is P =0.65+0.15.

gas, X, in Fig. 4 for a number of films pre-
pared on both the cathode and the anode at sub-
strate temperature T, =270 C. We find that the
relative incorporation efficiency p of boron as
compared to silicon is p=0.65 +0.15, quite inde-
pendent of the substrate temperature, the poten-
tial, or the composition of gas. One therefore
can conveniently prepare hydrogenated amorphous
Si-B alloys with any composition in the binary
system by properly choosing the concentration of
the SiH4-B, H6 gas mixture. In contrast, Spear
and I eComber' reported a considerably smaller
efficiency of boron incorporation at low B con-
centration. In the case of phosphorus doping,
they found that the maximum number of phosphorus
atoms that could be incorporated into the silicon
is limited to a density of 3 &10" cm ' in the film.
We do not find such a limit in the Si-B system.

density of hydrogen, between 10 and 45 at. %.
One therefore actually deals with hydrogenated
amorphous silicon-boron alloys, to which we
refer as a-Si-B-H.

Although conventional methods such as Auger
spectroscopy and electron microprobe analysis
are not sensitive for detecting hydrogen, the
hydrogen content of these films can be determined
in a rather simple way since hydrogen evolves
as the material is heated. The amount of H, gas
evolved can be obtained by measuring either the
volume increase at a fixed pressure, or, more
accurately, the pressure increase in a fixed
volume as a known quantity of material is heated
at a constant rate. We used a rate of 15'C/min.

Mass spectroscopic analysis verified that the
evolved gas is, indeed, predominantly hydrogen.
The ratio of the number of hydrogen atoms to that
of silicon and boron atoms is shown in Fig. 5 for
a-Si-B-H films deposited at a substrate tempera-
ture of 270'C with different boron fractions in
the gas. It ranges from 0.10 to 0.42, which cor-
responds to a, hydrogen content of 9-30 at. %,
depending on the substrate potential and the boron
fraction. On the silicon-rich side of the alloy
system, films deposited on either electrode con-
tain similar amounts of hydrogen. With increasing
boron concentration, the hydrogen content of the
anode films rises rapidly, while that of the ca-
thode films decreases slightly. The effect of the
substrate potential is therefore substantially en-
hanced on the boron-rich side, where anode
films contain up to three times more hydrogen
than the cathode films. It is interesting to note
that the efficiency of boron incorporation is inde-
pendent of bias, but the hydrogen content depends
on bias. Therefore, it seems that for the boron-
rich alloys the substrate bias determines the
dissociation of hydrogen from the boron-hydride

IV. HYDROGEN CONTENT

Substantial amounts of hydrogen of the order
of 10-30 at. % are incorporated into a-Si films
durjng the deposjtjon. ' ' ~'34 Thjs concentratjon
far exceeds that of dangling bonds observed in
vapor deposited a-Si (about 10" cm '), and is
sufficiently high to modify the amorphous net-
work. We now know that these films owe their
remarkable properties not so much to the plasma
deposition technique, but to the incorporation of
such large quantities of hydrogen, which greatly
reduces the density of the localized gap states
and makes doping possible. ' '

We found that the amorphous films obtained
from the glow-discharge decomposition of SiH4
+B2H6 gas mixtures also contain similarly high
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FIG. 5. Ratio of the hydrogen concentration to that
of silicon and boron as a function of boron fraction in
the gas for films deposited at T, = 270 'C.
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species on the substrates during film deposition.
The detailed role played by the substrate poten-
tial in the plasma decomposition of hydrides to
yield amorphous films is not understood and
needs further study.

The substrate temperature T, during deposi-
tion is another factor that determines the hydro-
gen level. Materials deposited at T, =25'C have
17-45 at. % hydrogen, with the higher value again
corresponding to larger boron concentrations.

The substrate bias as well as temperature not
only affects the hydrogen content of the films, but
also determines the ways in which hydrogen is
incorporated. In the case of hydrogenated sili-
con, 3 all anode films have short- chain polysilane
units (SiH, )„, whereas the cathode films do not.
Anode samples have predominantly polysilane
chain segments at T,=25'C, but at higher sub-
strate temperatures most of their hydrogen is
bonded as monohydride units with small fractions
bonded as isolated dihydride units and polysilane
chain segments. Cathode samples, on the other
hand, have predominantly isolated monohydride
units with small fractions of isolated dihydride
units, regardless of T, .

The evolution of hydrogen from the a-Si-B-H
alloys, with a heating rate of 15'C/min, occurs
near 350'C for T, =25'C samples, and near
550'C for T,=270 'C samples.

A small amount of argon was found in the ca-
thode samples on the silicon-rich side of the
a-Si-B-H alloys. For T, = 270 'C, the argon content
decreases with increasing boron concentration: It
is about 3 at. % for the hydrogenated silicon with

X,=O, drops to below 1 at. % at X =0.5, and is
below the detection limit of 10 3 at. % at X =1.0,
which corresponds to hydrogenated boron. It is
surprising that the argon concentration increases
with the substrate temperature. In contrast, the
amount of argon observed in the anode samples
was always less than the detection limit of 10"3

at. %. These results are quite plausible; after all,
the glow discharge is sustained mainly by argon,
which makes up 98% of the gases in the reaction
chamber. Having a negative potential of 100-200
V, the cathode is subjected to a constant bom-
bardment of Ar' ions, some of which are then
trapped in the cathode films.
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A. A(25) samples

The incorporated hydrogen is bonded to silicon
or boron. This can be seen in the infrared
transmission spectra. 4' Typical film thickness
ranges from 5 to 30 p,m. The transmission
spectra of &(25) films on KRS-5 substrates are
shown in Fig. 6 as a function of X, the boron
content in the gas. The wave-number scale
changes at 2000 cm ' because of a grating change
in thy spectr'ometer. Since films with somewhat
different thicknesses are involved, only relative
comparisons of the absorption strengths should
be made. Vfith increasing boron concentration
in the film, the absorption near 2560 cm ' due
to B-H stretching vibrations ' grows, while that
near 2000-2100 cm ' due to the Si-H stretching
vibrations ' '30 drops proportionally. In the
hydrogenated boron sample with X =1, a broader
band near 2000 cm ' is observed. Its origin,
which is of course not related to silicon, will be
discussed later. Another feature which grows
with increasing boron content is a broad absorp-
tion band extending from 1100 to 400 cm ', which
is superimposed on the deformation modes of the
Si-H bonds near 650, 840, and 890 cm '.""'"
This broad feature, also observed by Blum
et al. ' between 1000 and 800 cm ' and by Berezin
et gl. 3 between 800 and 550 cm ' in evaporated
amorphous boron films, arises from B-B bonds.

This broad feature appears to be missing for
the X =1 sample. However, this film was diffi-
cult to measure because of its great reactivity
with moisture. As a consequence, the pure boron
films require further investigation. The break-
down of the k-selection rule in amorphous solids,

V. INFRARED ABSORPTION, BONDING, AND
STRUCTURE

4000 3000 2000 I400, I000 600 200
Wove number p (cm ~)

Since boron and hydrogen are difficult to study
by the x-ray technique, infrared spectroscopy
was used to investigate the structure and bonding
of the p-Si-B-H alloys.

FIG. 6. Infrared absorption spectrum of anode films
prepared at T~ =25'C with boron fractions X~ =0, 0.25,
0.5, 0.75, and 1, respectively, in the gas. The film
thickness and the transmission measured at v =4000 cm ~

are given for each curve.
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caused by the absence of long-ranged order,
allows to some extent the infrared activity of all
vibrational modes. As a consequence, the infra-
red absorption lacks the sharp features observed
in the lattice vibrations of the corresponding
crystals. Whatever structure might remain is
diminished by structural dispersion, such as a
variation in bond length and bond angle. More-
over, it is well known that boron forms three-
center covalent bonds. 44 This is because boron
has only three valence electrons, while there are
four valence orbitals, 2s, 2p„, 2p„and 2P, .
Since more atomic orbitals are available for
chemical bonding than electrons, boron is
"electron deficient" in the classical sense. As
a result, three boron atoms can share two
electrons and form a three-center bond. Such a
three-center two-electron bond is an extension
of the ordinary two-center two-electron bond,
and is found in a large number of boron com-
pounds whenever three atomic orbitals, each
associated with different atoms, can be combined
to give a single lowest-energy molecular orbital.
The three atomic orbitals can form either one
bonding and two antibonding molecular orbitals,
or one bonding, one nonbonding, and one anti-
bonding molecular orbital. With increasing boron
fraction in the p-Si-B-H alloys, the probability
increases for three boron atoms to get close
enough to form a three- center bond. However,
the bond lengths cannot have their optimal value
because the position of each of the atoms is also
conditioned by its other bonds to the network.
As a consequence, it is likely that such three-
center bonds have rather large variation in their
strengths. This is probably the main cause for
the broadening of the infrared absorption bands
attributed to B-B vibratioris.

The third effect of boron on the infrared trans-
mission spectra is the appearance of an absorp-
tion band near 1350 cm '. This had been identi-
fied as due to B-Q vibrations. It was also ob-
served in evaporated amorphous boron films by
gimmerman III et ~E. and Blum et gl. Qnly
those A(25) films which contain appreciable boron
concentrations exhibit this B-Q absorption band.
Figure 7 shows as an example the progressive
oxidation of an anode film with X =0.75. Curve 1
was obtained after the sample was exposed to
room air having 30% relative humidity for half
an hour. Substantial oxidation of boron had al-
ready taken place. Exposure to room air for
two additional hours, as seen in curve 2, re-
vealed further growth of the B-Q band Dear
1350 cm '. At this point, the sample was stored
in dry argon, the oxidation processes stopped
immediately, and after 42 h the same transmis-

I00

~O0

CO

60
E

A (25)

1=7.3 pm

X =0.75

40

7 I

I 600
I ! I

1400 I200 I000
~ (cm ~}

FIG. 7. Progressive oxidation of a 7,3-pm anode film
deposited at T, =25'C. Curve 1 was obtained after the
sample was exposed to room air having 3G% relative
humidity for 0.5 h. Exposure to room air for two addi-
tional hours, as well as subsequent storage in dry argon
for 42 h resulted in curve 2. Curves 3 and 4 were taken
after the sample remained in room air for another 18 h
and 7 days, respectively.

sion spectrum as shown by curve 2 was obtained.
This leaves no doubt that this absorption band is
g.ssociated with oxides. As soon as the film was
exposed to air again, the absorption band con-
tinued to grow. Curves 3 and 4 of Fig. 7 were
taken after the sample remained in room air for
another 18 h and 7 days, respectively. Also ob-
served in curve 4 was the development of a Si-Q
band near 1050 cm '. This study indicates that
oxidation occurred after preparation, although
small amounts of contamination during deposition
cannot be ruled out.

That A(25) samples with high boron content are
very porous can alsp be seen from the presence of
infrared absorption bands near 1150 cm ' (Fig. 7)
and 3200—3500 cm ' (Fig. 6), corresponding to
B-C ' and Q-H vibrations, respectively, in addi-
tion to the B-Q and Si-Q absorption bands. In
contrast, the corresponding cathode films and
all the high T, samples are not porous and show
oo evidence of oxygen or carbon contamination in
the infrared spectra. Although all films have
substantial amounts of hydrogen, their strictures
can be quite different depending on the ways
hydrogen is incorporated, as was observed in
the case of hydrogenated amorphous Si, where
A(25) films have low density and a preponderance
of polysilane chain segments (SiH, )„. The A(25)
films of g-Si-B-H alloy with high boron content
which oxidize easily probably have a polymeric-
like structure of large boron-hydride fragments,
because boron hydrides are known to oxidize with
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FIG. 8, Same as Fig. 6 for cathode films prepared
(a) at 25'C and (b) at 270 'C, and (c) anode films pre-
pared at 270 'C with various X~.

considerable energy liberation, 4' while elemental
boron does not oxidize appreciably at room temp-
erature. It appears that at sufficiently high sub-
strate temperature and negative potential, B&H6
and SiH4 decompose and form highly cross-linked
hydrogenated silicon-boron alloys which do not
oxidize easily.

B. C(25), C(270), and A(270) samples

Shown in Figs. 8(a)-8(c) are the transmission
spectra of g-Si-B-H films deposited on the cathode
at 25 and 270'C, and on the anode at 270'C, res-
pectively. The boron concentrations of these
films can be obtained from X and Fig. 4. Po-
lished crystalline silicon wafers were used as
substrates because the very similar refractive
indices of these substrates and of the films re-
duce reflection at the interface and therefore
the magnitude of the interference fringes. The
Si-Q absorption band near 1100 cm ' should be
disregarded in the following because it is due to
oxides associated with the substrate. The major
features of the spectra can be described as fol-

lows:
(i) The absorption band near 2660 cm ' due to

B-H stretching vibrations increases in intensity
with increasing boron concentration, while the
band near 2000-2100 cm ' due to Si-H stretching
vibrations decreases in intensity. It appears that
hydrogen bonds about equally likely to B as it
does to Si. The frequencies of these stretching
vibrations are shifted by about 100 cm ', de-
pending on the bonding environment. ~'

(ii) A broad absorption band below 1100 cm ',
which overlaps the region of narrower bands ob-
served in crystalline boron, ' comes from B-B
vibrations. As the B concentration is increased,
this broad band eventually obliterates the narrower
structures'near 650, 840, and 890 cm ', which are
due to Si-H deformation vibrations. ""'3 As
mentioned earlier, we believe that the B-B vibra-
tions cover a broad range of frequencies because
of the formation of three-center bonds with vary-
ing bond lengths, the structural dispersion, and
the breakdown of the k-selection rule.

(iii) Even after prolonged exposure to room air,
no absorption bands corresponding to B-Q near
1350 cm or Si-Q near 1050 cm ' were detected
except for the Si-Q contribution of the substrate.
These films are very stable in air, in contrast
to the T,=25'C anode samples discussed in the
previous Sec. V/A. Auger analysis revealed,
however, that these samples contain a small
amount of oxygen, less than 1 at. %, which ap-
pears to be too little to be detected by infrared
absorption in our thin films.

(iv) A new feature was observed in the boron-
rich p-Si-B-H alloys. This is a very broad and
structureless absorption band near 1900-2000
cm ' extending over 800 cm '. It is clearly seen
in all the hydrogenated boron films with X =1,
including the T, =25'C anode material shown in
Fig. 6. It has been observed but not identified
by Berezin et gl.43 in vacuum-deposited amor-
phous boron, accompanied by a strong absorption
near 2560 cm ' due to B-H stretching vibrations.
The presence of hydrogen in vacuum-deposited
amorphous boron is not so surprising because
hydrogen is one of the most common impurities
in all phases of boron. Although not mentioned
by the authors, 3 a similar broad. absorption band
can be seen in the infrared-absorption spectrum
of hydrogen-doped amorphous boron of Blum
et al."

This broad absorption band must come from
either boron-boron bonds or boron-hydrogen
bonds. Although the 'former cannot be ruled out,
because of the possibility of second-order absorp-
tion processes involving boron modes which in
first order lie below 1500 cm ' according to
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Berenzin et gl. , 3 Blum et gl. , andWeber et gl. ,
the latter is preferred. How boron-hydrogen
bonding can yield such a broad absorption band in
addition to the normal boron-hydrogen stretching
modes near 2560 cm ' may be understood in the
following way.

As mentioned earlier, boron with only three
valence electrons and four orbitals is "electron
deficient. " As a result, three atoms can share
two valence electrons to form a three-center
bond. This can occur in boron hydrides where
one hydrogen and two boron atoms contribute
one atomic orbital each to form the lowest-
energy molecular orbital. This results in a
B-H-B bridge bond with a hydrogen atom bridging
two boron atoms. The B-H distance in symme-
trical B-H-B bridge bonds is 1.33 A, which is
larger than 1.19 A found in the normal two-
center B-H terminal bonds. A diborane mole-
cule, B,H„has four B-H terminal bonds and two
B-H-B bridging bonds. The stretching modes
near 2600 cm ' are associated with B-H terminal
bonds, while an absorption band near 1984 cm '
is related to the B-H-B bridge bonds in the infra-
red spectrum of B2H, . '

The amorphous boron-hydrogen alloy prepared
at T, =270'C on the cathode [curve with X =1 in
Fig. 8(b)] has a broad absorption band near 1900-
2000 cm ' which is much stronger than the rela-
tively narrow band of B-H stretching modes at
2560 cm ' due to the B-H terminal bonds. On
the other hand, the corresponding film deposited
on the anode [curve with X =1 in Fig. 8(c)] has
similar absorption strength for both bands. The
fact that the absorption strengths of these two
bands are not correlated suggests that they have
different origins. We therefore attribute the
broad absorption band near 1900-2000 cm to
B-H-B bridge bonds. These multicenter bonds
exist probably with quite different strengths in
an amorphous solid because the boron atoms in
B-H- B bridge bonds are under the constraints
from the network. This may account for the
width of the observed absorption band. The
'stretching vibration of the ordinary B-H ter-
minal bonds, in contrast, should not have a
broad frequency spectrum because the bond
length can assume its optimal value with negligi-
ble steric hindrance.

We conclude that hydrogen can be bonded to
boron as a bridging hydrogen or as a ter'minal
hydrogen. The relative abundances of these two
different bonding sites depend on T„ the sub-
strate potential, as well as on the plasma condi-
tions. The hydrogenated boron film prepared
on the anode at T, =25'C (X~=1 curve in Fig. 6)
has predominantly B-H terminal bonds in poly-

meric boron-hydride fragments, while those
prepared at T,=270'C [X =1 curve in Figs. 8(b)
and 8(c)] have an abundance of B-H-B bridge
bonds in a highly cross-linked amorphous network
of hydrogenated boron, with more B-H-B bridge
bonds in C(270) films than in &(270) films.

Si-B bonds cause infrared absorption near 1400
cm '.' Very weak absorption of this kind may be
seen in X =0.25 and 0.5 samples in Fig. 8(a), and
X =0.5 samples in Figs. 8(b) and 8(c). There is
no doubt that Si-B bonds exist in these g-Si-B-H
alloys. In fact, the optical gap indicates local
ordering corresponding to SiB4 and SiB6, as will
be discussed later.

VI. OPTICAL-ABSORPTION EDGE

The optical-absorption curve n(hv) of amor-
phous semiconductors~' is described in the high-
absorption region (n ~ 104 cm ') by

n =B(hv —Eo)'/hv, hv & Eo .
This relation is obtained from the assumption
that the density of valence- and conduction-
band states depends on energy as N(E) ~ E
and that all optical interband transitions con-
serving energy are allowed in amorphous semi-
conductors. An optical gap Eo is defined as the
intercept of the (nhv)'~' vs hv curve.

In the intermediate absorption range (1 &n
&104 cm '), the absorption usually depends ex-
ponentially on photon energy as

n(hv) =no exp(phv), (4)
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FIG. 9. Optical-absorption edge of cathode films pre-
pared at 270'C with X~=0, 0.028, 0.07, 0.13, 0.17,
0.23, 0.36, and 1, respectively.

with a slope y having values between 12 and 20
erat '. At even lower absorption constants (n
&1 cm '), one often finds a weak and preparation-
sensitive absorption tail extending to lower photon
energies.
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FIG. 10. Optical-absorption edge of cathode films
prepared at 270'C with X~ =0, 0.40, 0.62, 0.75, 0.80,
and 1, respectively.
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FIG. 12. Plots of (eh v) against photon energy of
cathode films prepared at 270'C with X~ =0, 0.028, 0.23,
and 1, respectively.

The glow-discharge hydrogenated silicon films
were found8 to obey Eq. (3) with an optical gap
Eo lying between 1.6 and 1.85 eV, depending on
the substrate potential and the deposition temp-
erature. These large values, as compared to
1.2-1.5 eV of sputtered or evaporated a-Si, come
from the substantial hydrogen content of these
films and the fact that Si-II bonds are stronger
than Si-Si bonds. The constant B of Eq. (3) was
found3 to be about 6 x10' eP ' cm ', in close
agreement with the values for other amorphous
semiconductors. ' In contrast to most other
amorphous semiconductors there is a large
preparation-sensitive absorption tail in these
glow-discharge silicon films, which is illustrated
by a curve labeled X =0 in Fig. 9. This tail
starts already at a values of order 103 cm ' and
obscures the exponential absorption, if present,
described by Eq. (4) . Such a large absorption
tail below the gap energy is quite surprising be-
cause these films have much fewer localized gap
states than evaporated or sputtered a-Si, which
were found to have very sharp absorption edges. '3

Incorporation of boron into these films greatly
2.0

B C(270j

enhances the low energy absorption tail as shown
in Figs. 9 and 10 for C(270) samples and Fig. 11
for A(270) samples. At the same time this tail
appears to become an intrinsic property of the
hydrogenated Si-B alloy and ceases to depend on
the preparation conditions. At very high boron
concentrations (see, for instance, the X =1.0
curve in Fig. 9), one can no longer separate the
tail from the part attributed to interband absorp-
tion.

This is more clearly seen in Fig. 12, which
shows a plot of (nhv)'~8 against )'8v for a few
films of Fig. 9. The X =0 curve shows a straight
line portion which is described by Eq. (3) with
B=6&&10 eV 'cm '. The same interpretations
seem justified for X,=0.028. The X,=0.23 curve
is a borderline case and requires trust in the con-
stancy of the B value for distinguishing interband
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FIG. 11. Same as Fig. 10 for anode films.
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FIG. 13. Optical gap Eo4, which is the photon energy
at which a =104 cm ~ of films prepared at 270'C as a
function of X~. The values 1.34 eV for sputtered a-Si
(Ref. 54) and 1.1 eV for evaporated a-B {Ref. 55) are
marked.
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from tail absorption and for finding an intercept
E, . For larger X values the (nkv)'~ curves
continue to bend upwards with increasing photon
energy in the range investigated without attaining
the steepness of the low X curves. We are thus
unable to determine Eo by using Eq. (3) in the
conventional manner or to define the onset of
optical transitions from extended valence-band
states to extended conduction-band states. It
seems as if in films containing large boron con-
centrations there no longer is a sharp drop in
the density of states near the mobility edges.
The density df states appears to decrease
smoothly into the pseudogap. This probably
comes from the spread of bond distance in the
three-center bonding of boron as a result of the
constraint of the lattice.

Nevertheless, one can see from Fig. 9 that the
absorption curves shift to lower photon energies
as X is increased from zero to 0.36. In order to
describe this shift we plot in Fig. 13 the photon
energy Eo4 at which e =10 cm ' as a function of
X . One finds that E()4 first decreases, it reaches
a broad minimum near X =0.4, and then rises
again at higher boron concentrations. There is a
maximum near X =0.9. This composition cor-
responds quite closely to SiB4 and SiB6, which
are the only compound compositions in the phase
diagram of Si-B binary alloys. This maximum
of Ep4 suggests local chemical ordering in the
amorphous films associated with SIB& and/or
SiB6 structural units.

Also shown in Fig. 13 are the EO4 values for
sputtered a-Si (E«=1.34 eV), 5~ and for evaporated
g-B (E« ——1.1 eV).5' Both of these values are con-
siderably lower than those of the corresponding
hydrogenated films. An increase in the optical
gap is always observed when alloying adds strong
bonds to an amorphous semiconductor. This
happens here too since the single bond energy
of Si-H bond (3.3 eV) is larger than that of Si-Si
bond (2.3 eV), and the average bond energy of
B-H bond (4.0 eV) is larger than that of B-B bond
(2.8 eV). In addition, the stronger the bonds,
the larger the optical gap. An anode film with a
certain boron concentration usually has a larger
optical gap than the corresponding cathode film.
This correlates with the fact that anode films
on the boron-rich side of the p-Si-B-H alloys
have considerably more hydrogen than the corres-
ponding cathode films, as can be seen in Fig. 5.

contacts were found to be Ohmic and of low resis-
tance in the voltage range V +100 V used. Film
thickness was 0.3-2.5 pm. The samples were
kept in a dry helium atmosphere during the mea-
surements.

The effect of alloying on the dc conductivity of
g-Si-B-H films in the temperature range of
80-450 K is shown in Figs. 14 and 15 for C(270)
samples with various X .

The interpretation of the conductivity curves is
complicated because one deals with a continuous
distribution N(E) of states which at any given
temperature contribute to the conduction with a
mobility p(E, T). The temperature dependence
of the conductivity may be obtained from the Kubo-
Greenwood formula"

o'= NE pET ETdE, (5)

+o, exp [- (To/T) ' '] . (6)

The first term with 10 &go &10 0 ' cm ' corres-
ponds to hole conduction in extended states below
the valence-band mobility edge E~. This term
dominates at high temperatures. The second term
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where f(E, T) is the Fermi distribution function,
provided correlation effects can be neglected.
Under some circumstances the density of states
N(E) and/or the mobility function p(E, T) drop
sharply at a certain energy. The conductivity due
to holes, for instance, can then be approximated
by a sum of three components:

o =tro exp [- (E~ Ev) /k T]—+(r, exp [- (Es +W, )/k T]

VII. ELECTRICAL CONDUCTIVITY

The samples for the electrical conductivity
measurements had coplanar electrodes of painted
Aquadag" with a separation of 1-10 mm. The

FIG. 14. Conductivity curves, of cathode films de-
posited at 270'C with X~=0, 0.028, 0.05, 0.17, 0.36,
and 0.40, respectively. Dashed curves b, c, and d
represent sample a after annealing for 30 min at 275,
470, and 570'C, respectively.
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FIG. 15. Same as Fig. 14 for%~ =0.40, 0.62, 0.75,
0.82, 0.88, and 1, respectively.

describes thermally activated hopping (with an
activation energy W&) in localized states between
E» and the drop of K(E) at an energy Es. The
value of o, is several orders of magnitude smaller
than oo. The last term is Mott's variable range
hopping conduction in states around the Fermi
energy E~, which is expected to dominate at
low temperatures.

%e find that the conductivity curves shown in
Figs. 14 and 15 cannot be described by Eq. (6).
The slopes of these Arrhenius plots decrease
gradually as the temperature is lowered. Con-
duction in extended states dominates only for the
compositions 0 &X & 0.4 and for these only be-
tween 300 &T &500 K. Evidence for this is the
fact that straight-line extrapolations of the high-
temperature positions of these curves yield in-
tercepts between 10 and 10 0 ~ cm which a,re
acceptable values for 00. None of these curves,
except curve labeled d, which will be discussed
later, follow Mott's variable range hopping expres-
sion at the lowest temperature, which is V8 K.

This suggests that the density of states N(E) of
these alloys decreases quite gradually into the
pseudogap. This conclusion agrees with our
earlier observation that the optical absorption
decreases unusually slowly with decreasing photon
energy. As a con,".equence, the maximum con-
tribution to the integral of Eq. (5) moves gradually
from E~ at the highest temperatures toward E~
as the temperature is lowered. The Fermi level
itself depends ori temperature as discussed by
Redfield, 5 because it lies in a region of changing
density of states.

Figures 14 and 15 show that the conductivity
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FIG. 16, Optical gap 804
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energy AE of films pre-
pared at 270 'C as a func-
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first increases rapidly with boron concentration,
then more slowly. It reaches a maximum near
X =0.4 and then decreases as X is increased
further. The conductivity curves of &(270) films
are not shown here because they are very similar
and follow the same trends as these cathode
films.

Although some of the boron-rich films have not
yet quite reached the region of mobility edge con-
duction at high temperatures, we have plotted
AE obtained from the high-temperature slope of
the conductivity curves as a function of X in
Fig. 16. There we compare hE with E,4, which
is taken as a measure of the optical gap. Des-
pite the admitted errors in both quantities, one
may conclude that AE is considerably smaller
than one half of the optical gap except for the
boron-free g-Si-H. This means that the Fermi
level is close to one band. Thermopower mea-
surements show that holes are the dominant
carrie rs. '0

Normally one would expect that boron doped
with silicon should be n-type, while silicon doped
with boron is P-type. If this. were so, then some-
where in the g-Si-B-H system a change in the sign
of the thermopower should occur. This is not
observed. Dietz and Hermann" found that crystal-
line boron has a positive thermopower, even if it
is doped with silicon or carbon. They concluded
that p-type conductivity is characteristic of boron,
in agreement with our results on Si-B alloys.

It is quite surprising that the Fermi level is
close to the valence band throughout the alloy
region. If B and Si preserve their normal valen-
cies and satisfy their bonds, then E~ should be
near the gap center. There appears to be a
large concentration of native defects which act
as acceptors and thus move E~ close to the valence
band. We tested whether these defects can be
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removed by annealing. The dashed curves
labeled b, e, and d in Fig. 14 show the result
of annealing sample g, which has X =0.17. In
contrast to the behavior of most other amorphous
semiconductors, one finds that the conductivity
increases with annealing and that E~ moves even
closer toward the valence band. Curve d of
Fig. 14 may be fitted by the variable range hopping
term, the last term of Eg. (6) with To ——4X10' K.
Using the relation

To 16n'/——N(E~)k

derived by Ambegoakar et al. ,
"one obtains

N(E~) =4.6X10'8 cm 'eV ' if one uses a wave-
function decay length n "=10 A. Not too much
weight, however, should be given to this value
of N(E~), because the wave-function decay length
is really not known except for the fact that the
width of the infrared absorption bands indicates
short correlation length. The wave- function
decay length can be a factor of 2 off, which would
vary N(Ez) by an order of magnitude either way.

Annealing may have removed gap states which
counteracted the effect of the intrinsic acceptors
in these alloys. In order to test this hypothesis
we compare in Fig. 17 the conductivity curves of
films deposited at T, =25 and 270'C. The Fermi
energy is much closer to the gap center in the
low-temperature films. The same behavior was
found in a a-Si-H film lightly doped with boron
or phosphorus. The doping efficiency is always
larger in high T, films. We conclude therefore
that the films in the alloy range contain an appre-
ciable concentration of acceptors. These may be
boron atoms in tetrahedral coordination.

The effect of annealing on the conductivity of
plasma deposited Si (Ref. 27) and Si-B alloy
films is more complicated than argued above.
Hydrogen effuses at these temperatures and the
reconstruction and healing of the large number
of potential dangling bonds left behind by the
effused hydrogen is incomplete and should create
new defects. The conductivity of undoped glow-
discharge z-Si-H also increases with annealing.

Figure 16 shows that anode films deposited at
f70'C have a larger value of Eo4 and of AE and
a correspondingly lower conductivity than
cathode films deposited at the same T,. We can
think of two possible explanations: the cathode
films may contain more defects because they
are bombarded by argon ions during deposition,
or their mobility gap is smaller because they
contain less hydrogen than the anode films at a
given X .

Hardly any photoconductivity was observed in
films belonging to the alloy regime. We now
wish to compare the properties of our glow-dis-
charge deposited g-B-H films with those of
evaporated g-B. Berezin et gl. 3 reported that
the conductivity of evaporated a-B is activated at
high temperatures with DE=0.65 eV, go

——10
Q ' cm ', and o =3 x10 5 Q ' cm ' at 300 K. At
low temperatures they find variable range hopping.
Qur g-B-H films deposited at T, =270 C have at
the cathode DE=0.47 eV, oo

——10 0 ' cm ', and
0 3()() 8 x 10 0 ' cm ' and at the anode ~E=0 .66 eV,
go

—10 ' Q 'cm ', 'and o3oo
——5x10 g cm '. As in

the case of a-Si, hydrogenation of amorphous
boron increases the gap and greatly decreases
the conductivity.

VIII. ELECTRON-SPIN RESONANCE

2
I I I I I

Xq =O.I5

IEo

-8—

—l0—

I i I I I s I ~ I

2 4 6 8 10 I2

IO/T (K )

FIG. 17. Conductivity curves of cathode films pre-
pared at, 2& and 270 'C, and an anode film prepared at
25 C, respectively, for A~ =0.13.

Figures 18 and 19 show the spin density N„
g value, and peak-to-peak linewidth ~» of the
g-Si-B-H films prepared at T, =270'C as a
function of X measured by electron-spin-re-
sonance (ESR) experiment. The observation
can be summarized as follows: (i) The spin
density of the a-Si-B alloys (X~A 0) is N, = 1-9
x 10" cm~, essentially independent of the alloy
composition, the substrate bias, and perhaps
even the substrate temperature. " (ii) One
ESR line was observed at each composition of
the g-Si-B-H alloys. The line shape is between
Loretzian and Gaussian. With increasing boron
concentration, the linewidth increases from 7 G
for g-Si-H to 35-40 G for g-B-H, while the g
value decreases from 2.0062+0.0005 at X =0.23
to 2.0005+0.0003 for g-B-H.

Amoryhous Si, unlike chalcogenide glasses, has
a network which is overconstrained. As a re-
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suit, evaporated or sputtered g-Si usually has a
large number of unpaired spins of the order of
10 0 cm 3. Hydrogenated p-Si-H prepared at low

T, still has about N, =5X10'~ cm 3, ' whereas the
spin density is lowered by nearly four orders of

magnitude when the g-Si-H is prepared at 200
& 7, &400'C."' This is because the incorpora-
tion of 10-30-at. % hydrogen, which is about 100
times larger than the number of dangling bonds
found in evaporated or sputtered g-Si, not only
saturates the dangling bonds, but also modifies.
the entire network. It is surprising that N, of
the p-Si-B-H alloys is so large even if the
material is deposited at T, =270'C. The pre-
sence of boron does not seem to relax the
amorphous structure, but to yield a material
which is even more constrained than g-Si-H.

The fact that boron forms multicentered bonds

involving both boron and hydrogen with various
bond distance, as indicated by the structureless
broad infrared absorption band, may provide
different environments for the spin centers and
give rise to a spectrum of g values, thus causing
inhomogeneous broadening of the ESR absorption.
This is consistent with the observation of a large
linewidth which grows with increasing boron con-
centration. Hype rf inc interaction between elec-
tron and boron nuclei, which have nuclear mag-
netic moments, may also contribute to the
broadening.

Hydrogenation in general seems to produce
broader ESR absorption lines. This is evidenced
by the larger linewidth of 35-40 Q for g-B-H, as
compared to 12-25 Q for a-B prepared by vapor-
phase decomposition or electron-beam evapora-
tion, 66 and 6-8 Q for g-Si-H as compared to
4-6 Q for g-Si. Again we believe that the in-
homogeneous broadening is increased by the
variety of local defect environments.

It is interesting to note that while only one ESR
line is observed at each composition of the g-Si-
B-H alloy, Knights et a/. found both a narrow
line of AII»-7 —8 Q and abroad line of AH»
-20 Q in the lightly boron-doped p-Si-H. The
former is due to a defect associated with Si,
whereas the latter is probably related to the pre-
sence of boron in an environment of silicon
atoms. The observation of two ESR lines in the
doping regime is understandable when there are
two kinds of paramagnetic centers having some-
what different g values. As the concentrations .

of boron and silicon become comparable in the
alloy regime, the narrow ESR line due to a defect
associated with Si vanishes, because the presence
of substantial amount of boron greatly modifies
the chemical environment of silicon. As a re-
sult, only one line is observed in the alloys;
spins average over silicon and boron atoms sur-
rounding the defects. Similar behavior was also
observed in p-Si-Qe alloys. "

SUMMARY AND CONCLUSIONS
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FIG. 19. g-value and
peak-to-peak 1inewidth of
ESR signals of samples
prepared at 270 C as a
function of X~.

Amorphous semiconducting Si-B alloys can be
prepared through the whole binary system by
plasma decomposition of silane-diborane mix-
tures. These alloys contain between 10- and
45-at. % hydrogen which is bonded in the material
in various ways, depending on the temperature
and the potential of the substrate with respect
to the plasma.

These amorphous alloys differ from chalco-
genide glasses and from group IV amorphou'-
semiconductors in several aspects.

(i) The density of states of the valence band
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and presumably also of the conduction band
have tails of localized states which extend quite
far into the pseudogap. Evidence for this is
obtained from the following two points.

(ii) The optical-absorption coefficient o. rises
very gradually with increasing photon energy in
the range of interband absorption. For the
boron-rich alloys it is not possible to separate
optical transition involving localized tail states
and transition between extended band states.

(iii) The conductivity curves on a log v vs 1/T
plot are bending continuously between 77 and 450 K
without showing distinct exponential sections or
Mott's variable range hopping behavior o ~exp [
—(To/T)'~ ). The conduction process changes
gradually from conduction by holes in extended
states at the highest temperatures to thermally
assisted hopping in a gradually decreasing tail
of localized states at low temperatures.

(iv) The Fermi level is near the gap center at
the two ends of the binary system, p-Si-H and
a-B-H. It moves close to the valence-band
mobility edge for alloy compositions. This in-
dicates self-doping with acceptors which may be
boron atoms in tetrahedral coordination.

(v) There are between 10'8 and 10" cm ~ un-

paired spins even if the alloys are plasma depo-
sited on substrates held at 270'C. The spin
concentration of boron-free g-Si-H deposited at
this temperature is as low as 10'6 cm 3.

The high spin density suggests that the struc-
ture of these hydrogenated Si-B alloys is over-
constrained and does not easily. allow the satis-
faction of all valence bonds. This is somewhat
surprising in view of the fact that boron is an
electron-deficient element which can be found in
various bonding arrangements, including both two-
center and three-center bonds. Moreover, hydrogen
forms terminal as well as bridging bonds and thus

should help in reducing the chance of finding un-
satisfied bonds which contribute a spin signal.
The spin resonance line is inhomogeneously
broadened to a width of 35-40 G in boron-rich
alloys on account of the variety of bonding en-
vironments which exist in these alloys.

The variety of bonds which include among
others three-center bridge bonds involving boron
and hydrogen and three-center covalent bonds in-
volving boron together with the overconstraint-
ness of the structure yield a spectrum of bond
lengths and strengths. These manifest themselves
in several broad infrared .absorption bands and,
we surmise, in the large band tails of localized
states, which in turn cause the anomalous behavior
of the optical absoxption and electrical conductivity.
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